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Abstract 


In  this  report  for  AFSOR/AOARD  project  ( FA2386-10-1-4080 ),  we  have  investigated  the 
photophysical  properties  of  various  porphyrinoids  such  as  expanded  porphyrins,  hybrid 
porphyrin  tapes,  etc.  using  theoretical  calculations  and  various  spectroscopic  methodologies 
in  conjunction  with  the  topology  transformation  between  aromatic  and  antiaromatic 
porphyrinoids  by  conformational  changes  via  kinetic  and  thermodynamic  control,  etc. 
Especially,  we  have  been  interested  in  their  nonlinear  optical  properties  of  Htickel/Mobius 
aromatic  and  antiaromatic  expanded  porphyrins  based  on  the  comparison  of  the  two -photon 
absorption  cross  section  spectra. 
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Figure  1.  Molecular  design  strategies  of  various  porphyrinoids  for  enhanced  nonlinear  properties. 
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Introduction 


Aromaticity  is  one  of  the  most  intriguing  concepts  in  organic  chemistry.  It  has  recently 
witnessed  a  renaissance  with  the  appearance  of  conceptually  new  structures,  including 
Mobius  topological  aromatic  molecules,  metal  d-electron-mediated  aromatic  complexes, 
spherical  shaped  three-dimensional  models,  and  so  on.  Also  extensive  efforts  have  been 
continuously  devoted  to  the  exploration  of  7i-conjugated  porphyrins  in  light  of  their  possible 
applications,  such  as  organic  semiconductors,  photodynamic  therapy  (PDT),  nonlinear  optics 
(NLO),  photovoltaics,  and  so  forth. 

Hlickel’s  [4n+2/4n]7i  rule  represents  one  of  the  most  successful  approaches  to  rationalizing 
aromaticity  from  a  theoretical  point  of  view.  According  to  this  rule,  a  flat  monocyclic  system 
with  [4n+2] 7r-electrons  is  aromatic,  whereas  a  planar  system  with  [4n]7i-electrons  is 
antiaromatic.  To  date,  the  majority  of  aromatic  molecules  subject  to  detailed  analysis  have 
consisted  of  closed-shell  cyclic  systems. 

In  contrast,  the  study  of  aromaticity  effects  in  molecules  with  open-shell  electronic  states 
is  still  in  its  infancy.  The  concept  of  open-shell  aromaticity  was  predicted  by  Baird,  who 
suggested  that  [4n]7i  annulenes  in  their  triplet  71-71*  states  would  display  aromatic  character, 
whereas  low  symmetry  [4n+2]7i  triplet  species  would  prove  to  be  antiaromatic.  Subsequently, 
numerous  theoretical  studies  have  provided  a  support  for  the  notion  that  [4n]7i  annulene 
systems  would  be  aromatic  in  their  triplet  states. 
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Figure  2.  Executive  summary  of  the  proposed  research 
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Porphyrins  and  their  analogues  (porphyrinoids)  are  particularly  attractive  molecules  for 
exploration  of  various  types  of  aromaticity,  because  most  porphyrinoids  possess  circular 
conjugation  pathways  in  their  macrocyclic  ring  with  various  molecular  structures.  7r-electron 
delocalization  and  aromaticity  in  porphyrinoids  are  strongly  affected  by  i)  structural 
modifications  and  ii)  redox  chemistry,  etc.  Furthermore,  this  aromaticity  has  a  strong 
influence  on  the  spectroscopic  properties  and  chemical  reactivity  of  porphyrinoids.  In  this 
context,  considerable  efforts  have  been  devoted  to  exploring  and  understanding  the 
relationship  between  aromaticity  and  spectroscopic  properties  in  a  variety  of  aromatic  and 
antiaromatic  porphyrinoids. 


Figure  3.  Examples  of  aromaticity  control  for  expanded  porphryins 


Thus,  a  series  of  various  porphyrinoids  are  in  the  limelight  being  expected  to  shed  light 
on  this  field  because  they  have  some  advantages  to  study  the  aromaticity;  i)  it  is  possible  to 
control  the  number  of  conjugated  7r-electrons  by  changing  the  number  of  connected  pyrrole 
rings,  ii)  by  providing  a  comparable  set  of  [4n]/[4n+2]7i  molecular  systems  through  a  facile 
two-electron  reduction/oxidation  process,  the  systematic  investigations  are  easily  accessible, 
satisfying  the  prerequisites  that  only  the  number  of  7r-electrons  has  to  be  different  with  the 
same  structure  and  chemical  environment,  and  iii)  above  all,  it  is  easy  to  change  the 
molecular  conformations  by  both  synthetic  and  non-synthetic  ways.  Again,  it  should  be 
noted  that  the  topology  control  is  an  important  factor  in  assessing  the  structure -property 
relationship.  In  this  regard,  various  attempts  to  modify  the  overall  structures  of 
porphyrinoids  have  been  made  by  temperature  control,  solvent  changes,  and  functional  group 
modifications  (Figure  3).  With  these  active  control  methods  of  molecular  topologies  in  hand, 
the  structure-property  relationship  of  porphyrinoids  in  conjunction  with  aromaticity  has  been 
vigorously  explored  by  using  ultrafast  spectroscopic  measurements  as  well  as  theoretical 
calculations. 
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(1)  Experimental  Method 
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Results  and  Discussion 


(1)  Hybrid  porphyrin  tapes 

Organic  compounds  with  large  TPA  cross-sections  are  of  general  interest  due  to  their 
numerous  potential  applications  in  3D  micro  fabrication,  optical  storage,  optical-limiting 
devices,  photodynamic  therapy,  and  so  on.  Extensive  studies  have  been  carried  out  to 
elucidate  the  molecular  structure-TPA  property  relationship.  Basically,  the  most  important 
factor  for  the  enhancement  of  TPA  property  is  likely  to  be  the  extension  of  7r-electron 
conjugation.  For  example,  meso-butadiyne-linked  oligoporphyrins  nicely  illustrate  the 
dependency  on  the  number  of  porphyrin  units,  exhibiting  TPA  cross-section  values  of  20 
GM  for  monomer,  9100  GM  for  dimer,  and  22000  GM  for  tetramer.  In  this  aspect,  porphyrin 
tapes  are  promising,  because  they  have  a  completely  planar  structure  and  an  extended 
7r-conjugated  system.  We  have  already  reported  extremely  large  TPA  values  for  porphyrin 
tape  dimer,  trimer,  and  tetramer  consisting  of  4-nonylphenyl  and 
3,5-ditert-butylphenyl-substituted  porphyrins  as  11900,  18500,  and  41200  GM,  respectively, 
which  were  obtained  by  photoexcitation  at  1200,  2300  and  2300  nm,  respectively.  In  this 
report,  we  have  measured  the  TPA  values  of  the  series  of  meso-meso,  /?-/?,  /?-/?  triply  linked 
porphyrin  dimers  and  trimers  with  3,5-di-tert-butylphenyl-substituted  donor-type  (D)  and 
pentafhiorophenyl-substituted  acceptor-type  (A)  porphyrin  as  the  constituent  moieties  by 
using  a  wavelength-scanning  open-aperture  Z-scan  method,  with  NIR  pulses  generated  from 
an  NIR  optical  parametric  amplifier  pumped  by  a  femtosecond  Ti:sapphire  regenerative 
amplifier  system  with  a  130  fs  pulse  width.  We  have  measured  the  TPA  values  by 
photoexcitation  in  the  wavelength  range  from  1650  to  2400  nm  at  which  the  one-photon 
absorption  contribution  is  negligible  and  since  it  would  be  very  difficult  to  measure  correct 
TPA  values  by  photoexcitation  shorter  than  1650  nm  due  to  a  non-negligible  one-photon 
absorption  contribution.  The  TPA  spectra  largely  follow  the  one-photon  absorption  spectra  at 
near  Q-  and  B-band  regions.  In  the  case  of  1  and  2,  the  maximum  TPA  cross-section  values 
were  measured  to  be  1900  and  21000  GM  respectively,  in  which  the  TPA  value  per 
porphyrin  units  of  2  is  about  seven  times  larger  than  that  of  dimer  1,  reflecting  that  the  TPA 
values  are  strongly  associated  with  the  effective  71-conjugation  length.  With  regard  to  the 
NLO  properties  of  hybrid  porphyrin  tapes  3-6,  it  should  be  considered  that  large  molecular 
polarizability  is  known  to  be  another  important  factor  which  contributes  to  a  large  TPA 
cross-section  value.  Since  the  pioneering  work  by  Marder,  Perry,  and  co-workers  in  1997, 
many  efforts  have  been  directed  for  enhancing  the  TPA  by  using  donor(D)/acceptor(A)-type 
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multichromophoric  systems,  introducing  additional  groups  to  perturb  the  charge 
redistribution,  and  elongating  the  effective  71-conjugation  length.  In  terms  of  the  molecular 
symmetry,  a  quadrapolar  chromophore  (D-7I-A-7T-D)  is  more  likely  to  afford  a  larger  TPA 
value  than  that  of  a  dipolar  chromophore  (D-7T-A).  Actually,  the  TPA  values  of  D-A  dimer  3 
and  D-A-D  trimer  4  were  determined  to  be  2200  and  27000  GM,  respectively.  Compared 
with  dimer  1  (D-D)  and  trimer  2  (D-DD),  the  TPA  values  of  D-A-D  trimer  4  exhibited 
enhancement  in  the  TPA  properties,  while  D-A  dimer  2  showed  little  enhancement. 
Similarly,  D-A-D  trimers  5  and  6  exhibited  TPA  values  of  24000  and  26000  GM, 
respectively,  by  photoexcitation  at  1700  nm.  Among  the  three  D-A-D  trimers,  the  highest 
TPA  value  in  4  may  be  rationalized  in  terms  of  the  smallest  HOMO-LUMO  gap.  On  the 
other  hand,  the  difference  between  5  and  6  probably  arises  from  the  electronic  nature  of 
central  acceptor-type  porphyrin  unit,  since  free-base  porphyrin  is  more  electron-deficient 
than  Zn(II)-porphyrin  and  thus  enhances  the  D-A-D  character.  We  can  conclude  that  the 
combination  of  71-conjugation  elongation  as  well  as  a  D-A-D  strategy  for  triply  linked 
porphyrin  trimers  definitely  improves  the  overall  TPA  properties,  while  the  effect  of 
71-conjugation  is  a  dominant  contribution  to  the  enhancement  of  TPA  properties. 


Wavelength  |nm| 


Figure  4.  (a)  Porphyrin  tapes  studied  in  this  article,  (b)  One-photon  absorption  (black)  and  TPA 
spectrum  (blue)  (c)  TPA  laser  setup. 
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(b)  Hexaphyrin  Fused  to  Two  Anthracenes 


One  of  the  current  topics  in  porphyrin  chemistry  is  the  synthesis  of  highly  conjugated 
porphyrins  that  exhibit  absorption  bands  reaching  into  the  near  infrared  (NIR)  region  and  a 
large  range  of  nonlinear  optical  properties;  such  molecules  are  promising  in  the  fields  of 
organic  semiconductors  and  photovoltaics,  two-photon  excited  photodynamic  therapy,  and 
all-optical  processing.  Effective  synthetic  strategies  are  to  bridge  porphyrins  with  a 
conjugative  linker,  to  directly  fuse  porphyrins,  and  to  fuse  aromatic  segments  to  the 
porphyrin  periphery.  Conjugated  porphyrins  prepared  by  these  strategies  exhibit  strongly 
perturbed  optical  and  electronic  properties,  thus  reflecting  the  flexible  electronic  nature  of 
porphyrins.  Anderson  and  co-workers  have  demonstrated  that  the  fusion  of  anthracene  is 
effective  in  the  expansion  of  the  conjugated  network  of  porphyrins  by  exploring  porphyrins 
fused  to  one,  two,  and  four  anthracenes,  all  of  which  display  highly  red-shifted  Q  bands 
(A,max=855,  973,  and  1417  nm,  respectively).  In  recent  years,  expanded  porphyrins  have 
emerged  as  new  functional  chromophores,  which  encompass  larger  conjugated  networks  and 
are  electronically  more  flexible  than  porphyrins.  In  this  sense,  these  expanded  porphyrins 
may  be  more  promising  as  a  component  of  highly  conjugated  chromophores,  when  fused 
with  appropriate  aromatic  segments. 


9  (R  =  OMes) 


Scheme  1.  Substrates  and  hexaphyrin  derivatives.  Ar=3,5-di-tert-butylphenyl,  Mes=mesityl. 


9 


Despite  this  potential,  except  for  porphyrin-fused  hexaphyrins  1  (Scheme  1),  the 
peripheral  fusion  reactions  of  expanded  porphyrins  have  been  rarely  studied,  largely  because 
of  synthetic  difficulties.  We  envisioned  that  the  fusion  of  anthracenes  to  rectangular 
hexaphyrins,  such  as  2,  would  be  feasible,  because  their  short  sides  are  similar  in  length  to 
the  long  side  of  anthracene,  and  the  resultant  anthracenefused  [26]hexaphyrins  would  show 
highly  perturbed  optical  and  electrochemical  properties.  Herein,  we  report  the  synthesis  of 
10,  a  [26]hexaphyrin  fused  to  two  anthracenes,  which  exhibits  an  extensively  red-shifted  and 
sharp  absorption  band  reaching  into  NIR  region,  and  multiple  reversible  redox 
potentials. 


The  unambiguous  structural  determination  of  10  was  obtained  by  X-ray  analysis. 
Crystals  of  10  were  grown  by  allowing  hexane  vapor  to  diffuse  into  its  CH2C12  solution. 
Compound  10  displays  a  remarkably  elongated,  rectangular  (7.28  x  19.94  A),  almost  planar 
structure;  the  dihedral  angle  of  the  two 
anthracene  segments  is  141.38.  In  the 
crystal-packing  structure  of  10,  an  infinite 
molecular  network  is  observed,  and  features 
an  alternate  packing  arrangement  wherein 
two  molecules  are  positioned  in  an  offset 
manner  with  their  concave  sides  facing  each 
other  so  that  half  the  molecule  overlaps 
(Figure  5).  This  arrangement  is  held  by 
favorable  CH/7T  interactions  between  the 
mesityloxy  substituents  and  hexaphyrin.  Figure 


Figure  6.  UV/Vis/NIR  absorption 
spectra  of  9  and  10  in  CH2C12 


6  shows  the  absorption  spectra  of  solutions  of  9  and  10  in  CH2C12.  The  bis(Aum)  hexaphyrin 
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complex  9  exhibits  a  slightly  split  Soret-like  band  at  672  nm,  which  is  red-shifted  from  that 
of  7  by  96  nm,  and  Q-band-like  bands  at  831  and  1193  nm.  These  spectral  features  are 
common  for  bis(Aum)  hexaphyrins, 
as  reported  previously.  The 
absorption  spectrum  of  10  exhibits 
a  red-shifted  and  intensified 
Soret-like  band  at  743  nm  and 
Q-band-like  bands  at  873,  943,  and 
1467  nm.  Of  these  bands,  the  most 
red-shifted  band  is  remarkably 
sharp  and  intensified  (optical 
HOMO-LUMO  gap;  0.84  eV, 
fwhm=223  cm'1).  These  absorption 
characteristics  originate  from  the 
elongated  conjugation  along  the 
long  molecular  axis  of  10. 

Third-order  nonlinear  optical 
(NLO)  responses  of  9  and  10  are 
also  of  interest  in  view  of  their 
extended  7r-conjugation  pathways 
through  fused  anthracene  units.  Two-photon  absorption  (TPA)  measurements  were 
conducted  for  9  and  10  by  using  a  wavelength-scanning  open-aperture  Z-scan  method  in  the 
wavelength  region  ranging  from  1400  to  2400  nm  and  from  1700  to  2400  nm,  respectively, 
where  one-photon  absorption  contribution  is  negligible  (Figure  8).  It  was  difficult  to  measure 
accurate  TPA  values  by  photoexcitations  shorter  than  1400  for  9,  and  1700  nm  for  10. 
Bis(AuIII)  hexaphyrin  complex  9  showed  the  maximum  TPA  cross  section  value  of  2500 
GM  by  photoexcitation  at  1700  nm,  whereas  anthracene-  fused  [26] hexaphyrin  10  exhibited 
the  maximum  value  of  7600  GM  by  photoexcitation  at  the  same  wavelength.  The  much 
higher  value  for  10  compared  to  that  for  9  can  be  explained  by  the  extended  7r-conjugation  in 
10.  Furthermore,  both  9  and  10  compounds  showed  larger  TPA  values  than 
hexakis(pentafluorophenyl)  substituted  [26]hexaphyrin  2  (ca.  1000  GM).  This  result  can  be 
explained  by  the  effect  structural  changes  can  have  on  donor(D)/acceptor(A)-type 
multichromophoric  systems:  the  introduction  of  electron-rich  anthryl  substituents  and 
electron-deficient  pentafluorophenyl  substituents  perturbs  the  charge  redistribution,  and 
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elongates  the  effective  ^-conjugation  length.  We  can  conclude  that  a  combination  of 
elongation  of  the  ^-conjugation,  as  well  as  D/A  perturbation  to  hexaphyrin  improves  the 
overall  TP  A  properties. 
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Figure  8.  One-  (OPA,  solid  line  and  left  vertical  axis)  and  two-photon  absorption  (TPA,  symbols 
and  right  vertical  axis)  spectra  of  9  (top),  and  10  (bottom)  measured  in  CH2C12.  TPAspectra  are 
plotted  at  Xex/2. 
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(c)  A  Mobius  Antiaromatic  Complex  as  a  Kinetically  Controlled  Product  in  Phosphorus 
Insertion  to  a  [32]Heptaphyrin 

In  recent  years,  the  ^-conjugation  topology  has  become  an  important  issue  in  discussing 
aromaticity  of  organic  molecules,  since  quite  a  number  of  Mobius  aromatic  molecules  have 
been  actually  explored,  in  which  the  4n7i-electronic  macrocyclic  conjugation  is  attained 
along  a  singly  twisted  one-sided  topology  like  a  Mobius  strip  (so-called  Mobius  topology). 
The  concept  of  Mobius  aromaticity  first  proposed  by  Heilbronner  in  1964  is  complementary 
to  the  usual  Huckel  aromaticity  by  predicting  that  the  [4n]jr  and  [4n+2]7i  rule  for  aromaticity 
of  the  usual  two-sided  topology  (so-called  Huckel  topology)  should  be  reversed  for 
macrocyclic  molecules  of  Mobius  topology,  meso- Aryl  expanded  porphyrins  have  emerged 
as  an  effective  platform  to  realize  Mobius  aromatic  systems  owing  to  their  conjugated  nature, 
conformational  flexibilities,  and  facile  capture  and  release  of  two  pyrrolic  protons  upon 
two-electron  oxidation  and  reduction,  respectively. 


Scheme  2.  (a)  Previous  attempts  for  Mobius  antiaromatic  species.  (TBPAH  =  tris  (4-bromophenyl) 
aminium  hexachloroantimonate)  (b)  Synthesis  of  phosphorus  complex  6  (c)  Synthesis  of  phosphorus 
complexes  8  and  9.  (Ar  =  2,6-dichlorophenyl) 


Despite  the  increasing  number  of  [4n]7i  Mobius  aromatic  molecules,  [4n+2]7i  Mobius 
antiaromatic  molecules  still  remain  very  rare.  This  is  not  surprising;  since  Mobius 
antiaromatic  molecules  are  unfavourable  with  respect  to  electronic  delocalization  associated 
chemical  stability  and  structural  distortion.  As  a  rare  example,  Latos-Grazynski  et  al. 
reported  a  cationic  palladium(II)  complex  of  [18]vacataporphyrin  that  exhibited  a  weak 
paratropic  ring  current.  We  have  explored  a  bis-phosphorus  complex  of  [30]hexaphyrin, 
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which  has,  to  the  best  of  our  knowledge,  constituted  the  only  example  of  a  structurally 
well-characterized  Mobius  antiaromatic  molecule.  As  shown  in  Scheme  2,  our  attempts  to 
form  Mobius  antiaromatic  [26]hexaphyrins  by  the  oxidations  of  Mobius  aromtic 
[28]hexaphyrins  1  and  3  failed,  merely  producing  Hlickel  aromatic  [26]hexaphyrins  2  and  4 
via  topology  switch.  Putative  Mobius  antiaromatic  [26]hexaphyrins  were  not  detected. 
Herein,  we  report  that  phosphorus  insertion  to  [32]heptaphyrin  led  to  the  formation  of  a 
Mobius  antiaromatic  phosphorus  complex  of  [34]heptaphyrin,  8  as  a  kinetically  controlled 
product,  which  thermally  rearranged  to  a  more  stable  Hlickel  aromatic  complex,  9, 
quantitatively  (Scheme  2).  meso- Aryl-substituted  heptaphyrins(  1.1. 1.1. 1.1.1)  show  versatile 
reactivities  and  properties,  while  usually  taking  their  32tt  oxidation  states  as  the  most  stable 
forms. 


Figure  9.  (a)  X-Ray  crystal  structure  and  schematic  representation  of  the  molecular  orbital  of  6. 
Thermal  ellipsoids  represent  30%  probability,  meso- Aryl  substituents  and  solvent  molecules  are 
omitted  for  clarity,  (b)  X-Ray  crystal  structure  (left)  and  schematic  representation  of  the  molecular 
orbital  (right)  of  (a)  8  and  (b)  9.  Thermal  ellipsoids  represent  30%  probability,  meso- Aryl  substituents 
and  solvent  molecules  are  omitted  for  clarity.  Dihedral  angles  at  the  most  distorted  poins  are  given. 

Our  studies  on  the  phosphorus  insertion  into  meso- aryl  expanded  porphyrins  have 
revealed  that  the  coordinated  phosphorus  atoms  exists  as  a  P(V)  state  either  in  a 
phosphoramide  or  penta-coordinated  form,  stabilizing  reduced  oxidation-states  of  expanded 
porphyrins.  We  thus  envisioned  that  [34]heptaphyrins  may  be  generated  by  the  phosphorus 
insertion  into  heptaphyrins,  while  such  heptaphyrin  have  been  quite  exceptional  so  far 
besides  a  quadruplly  A-fused  heptaphyrin.  The  phosphorus  atom  is  penta-coordinated,  being 
bound  to  the  four  nitrogen  atoms  of  pyrrole  A,  B,  C  and  D,  and  the  ortho- carbon  atom  of 
ra^o-pentafluorophenyl  group  in  a  trigonal  bipyramidal  manner.  The  lH  NMR  spectrum 
exhibits  two  signals  at  13.73  and  13.61  ppm  due  to  the  NH  protons  and  fourteen  signals  in 
the  range  of  8.08-5.07  ppm  due  to  the  pyrrolic  /^-protons  and  the  31P  NMR  shows  a  signal  at 
-82.41  ppm,  which  is  in  the  range  of  penta-coordinated  phosphorus  atoms  with  the  same 
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coordination  geometry.  The  complex  6  can  be  regarded  as  a  weak  Hlickel  aromatic  molecule, 
which  is  supported  by  its  absorption  spectrum  and  small  but  negative  NICS  values.  This 
structure,  combined  with  its  347r-electronic  network,  tempted  us  to  regard  this  as  a  Mobius 
antiaromatic  molecule.  This  is  indeed  the  case,  since  1)  the  UV/vis  absorption  spectrum  of 
8  has  an  ill-defined  Soret-like 
band  and  weak  and  broad  bands 
in  near-IR  region,  which  are 
characteristic  of  antiaromatic 
expanded  porphyrins  (Figure  10), 
and  2)  the  lH  NMR  spectrum  of  8 
characteristically  displays  signals 
due  to  the  inner  (almost  lateral) 
pyrrolic  /^-protons  in  the  pyrrole 
rings  A  and  D  at  7.96  and  7.60 
ppm,  which  are  distinctly  deshielded  from  the  other  outer  /^-protons  that  appear  in  the  range 
of  6.51-5.51  ppm  (Figure  11),  indicating  a  weak  paratropic  ring  current.  In  line  with  this,  the 
inner  NH  protons  in  the  pyrroles  E  and  G  appear  at  12.59  and  11.42  ppm,  which  are  also 
deshielded  as  compared  with  the  outer  one  in  the  pyrrole  D  at  10.14  ppm.  The  difference 
between  the  chemical  shifts  of  the  most  shielded  and  most  deshielded  /^-protons  is  only  -2.45 
ppm. 


Figure  10.  UV/Vis  absorption  spectra  of  8  and  9  in  CH2C12. 


Figure  11.  lH  NMR  spectra  of  (a)  8  at  25  °C  and  (b)  9  at  -60  °C  in  CDC13.  Peaks  marked 
with  *  arise  from  residual  solvents  and  impurities. 


The  weaker  paratropic  ring  current  of  8  as  compared  with  that  of  Mobius  antiaromatic 
phosphorus  complex  of  [30]hexaphyrin  10  (-5.60  ppm  and  the  largest  dihedral  angle  is  67°), 
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can  be  ascribed  to  the  larger  largest  dihedral  angle.  The  other  complex  9  has  been  determined 
to  take  a  figure-eight,  double-sided  (Htickel)  structure  on  the  basis  of  X-ray  diffraction 
analysis  (Figure  9). 

The  P=0  moiety  is  bound  to  the  two  nitrogen  atoms  of  the  pyrroles  B  and  C,  and  the 
/Lcarbon  atom  of  the  pyrrole  D.  The  complex  9  has  been  assigned  as  a  347r-Htickel  aromatic 
molecule.  The  UV/vis  absorption  spectrum  of  9  exhibits  an  intense  Soret-like  band  at  667 
nm  and  Q-band  like  bands  at  813,  892,  and  1157  nm  (Figure  10),  which  are  characteristic  of 
the  aromatic  porphyrinoids.  The  lH  NMR  spectrum  of  9  is  very  broad  at  room  temperature, 
probably  due  to  conformational  flexibility,  but  became  sharpened  at  -60  °C,  exhibiting  a 
doublet  at  1.98  ppm  due  to  the  inner  /Lproton  in  the  pyrrole  D  adjacent  to  the  P=0  moiety 
and  twelve  signals  due  to  the  other  /?- protons  in  a  range  of  6.91-3.80  ppm  (Figure  11),  The 
chemical  shift  difference  is  relatively 
large,  +4.93  ppm,  indicating  the 
presence  of  a  certain  diatropic  ring 
current.  The  complex  8  underwent 
two  reversible  reductions  at  -1.55 
and  -1.92  V  and  two  reversible 
oxidations  at  -0.17  and  0.07  V,  while 
the  complex  9  showed  one  reduction 
wave  at  -1.89  V  and  two  oxidation 
waves  at  -0.34  and  0.08  V  all  as 
reversible  processes.  The 
electrochemical  HOMO-LUMO 
gaps  were  thus  calculated  to  be  1.38 
and  1.55  eV  for  8  and  9,  respectively. 

The  smaller  HOMO-LUMO  gap  of  8 
is  in  line  with  its  assignment  as  an 
antiaromatic  species. 

In  order  to  obtain  the  information 
on  8  and  9,  we  performed  theoretical 
calculation  at  RB3LYP/6-31G(d)  level  on  the  basis  of  the  optimized  structures  by  using 
Gaussian  program  (Figure  12).  Importantly,  the  total  energy  of  8  has  been  calculated  to  be  as 
much  as  31.0  kcal/mol  higher  than  that  of  9.  HOMO-LUMO  gaps  have  been  calculated  to  be 
1.58  and  1.64  eV  for  8  and  9,  respectively.  Time-dependent  DFT  calculation  predicts  a  weak 
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Figure  12.  Selected  molecular  orbitals  of  8  and  9  on  the 
optimized  structures. 
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absorption  band  around  1037  nm  for  8  and  an  intense  Soret-like  band  at  630  nm  for  9,  which 
are  respectively  characteristic  features  of  antiaromatic  and  aromatic  expanded  porphyrins. 

Interestingly,  the  yields  of  8  and  9  were  temperature  dependent;  33  and  17%  with  the 
recovery  of  7  (45%)  in  the  reaction  at  0  °C  for  3  h  and  18  ad  74%  at  60  °C  for  3  h.  More 
directly,  we  examined  the  thermal  conversion  of  8  to  9  that  involved  the  phosphoramide 
rearrangement  with  a  topology  change  from  Mobius  to  Hlickel.  While  rather  stable  toward 
heating  at  60  °C  in  THF,  CHC13,  and  acetone,  heating  of  8  in  acetonitrile  at  60  °C  for  12  h 
gave  rise  to  the  quantitative  transformation  to  9.  These  changes  were  clearly  traced  by 
UV-vis  spectroscopy.  The  rate  of  this  conversion  were  determined  by  monitoring  the 
increasing  absorbance  of  9  at  622  nm  at  various  temperature  to  be  2.2xl0“6  s_1  at  60  °C, 
3.9x10*  s  1  at  65  °C,  4.6x10^  s  1  at  70  °C,  5.9x10^  s  1  at  75  °C,  and  9.3x10^  s  1  at  80  °C. 
On  the  basis  of  these  results,  the  activation  parameters  of  the  isomerization  have  been 
determined  as  the  following:  activation  energy,  £a=  65.3  kJ  mol-1;  activation  enthalpy,  Hx  = 
62.4  kJ  mol1;  and  activation  entropy,  Si  =  -166  J  mol-1.  Thus,  these  results  indicate  that  8  is 
a  kinetically  controlled  product  that  undergoes  exothermic  conversion  to  9. 


Figure  13.  Transient  absorption  spectra  of  (a)  8  and  (b)  9  on  the  optimized  structures.  The  inset  shows 
the  decay  profiles. 


The  aromaticity  of  expanded  porphyrins  is  prominently  distinguished  in  time -resolved 
spectroscopic  measurements.  The  aromatic  molecule  9  shows  the  distinct  excited-state 
properties  of  aromatic  expanded  porphyrins.  Typically,  we  have  observed  that  the 
differential  absorption  spectra  of  aromatic  expanded  porphyrins  show  strong  ground-state 
bleaching  (GSB)  signals  with  relatively  weak  excited-state  absorption  (ESA)  signals.  These 
signals  are  also  seen  in  the  transient  absorption  spectra  of  9.  In  contrast,  the  spectra  of  8 
show  small  GSB  and  large  ESA  signals,  and  are  quite  different  from  those  of  9.  These 
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spectral  features,  together  with  faster  decay  dynamics  of  8  than  9,  are  unique  for 
antiaromatic  expanded  porphyrins.  The  difference  in  excited-state  dynamics  between 
aromatic  and  antiaromatic  expanded  porphyrins  could  be  mainly  attributed  to  the  different 
electronic  structures  of  these  two  classes  of  molecules.  The  perturbed  degeneracy  of 
HOMO/HOMO- 1  and  LUMO/LUMO+1  causes  the  interruption  of  two  additional  frontier 
MOs,  thus  resulting  in  a  change  in  configuration  interactions.  As  a  consequence,  the 
electronic  transitions  or  states  that  affect  the  steady-  and  excited-state  dynamics  are 
perturbed.  The  presence  of  the  optical  dark  state  governs  its  photophysical  behavior.  Based 
on  these  results,  the  fast  decay  of  8  can  be  ascribed  to  the  NIR  dark  state  that  acts  as  a  ladder 
in  the  deactivation  processes. 
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Summary 

In  this  project,  we  have  investigated  the  relationship  between  aromaticity  and 
photophysical  properties  of  various  (anti)aromatic  porphyrinoids  using  the  spectroscopic 
techniques  and  theoretical  approaches. 

Firstly,  Hybrid  porphyrin  tapes  have  been  prepared  and  characterized  and  have  been 
compared  with  their  parent  porphyrin  tapes.  X-ray  crystal  structures  of  porphyrin  tape 
trimers  4  and  5  have  been  reported  for  the  first  time.  Hybrid  porphyrin  tapes  have  been 
shown  to  be  more  soluble  and  more  chemically  stable.  The  TPA  value  for  the  trimer  2  was 
measured  to  be  21  000  GM,  which  is  much  larger  than  that  of  the  dimer  1,  reflecting  that  the 
TPA  values  are  strongly  associated  with  p-conjugation  length.  The  TPA  values  of  hybrid 
porphyrin  tapes  3-6  bearing  an  acceptor-type  porphyrin  unit  were  measured  to  be  2200, 
27000,  24000,  and  26000  GM,  respectively.  These  results  indicate  that  the  donor- 
acceptor-donor  strategy  slightly  but  definitely  improves  the  overall  TPA  properties,  although 
the  effect  of  p-conjugation  is  a  dominant  contribution  to  the  enhancement  of  TPA  properties. 
This  work  will  help  further  design  of  molecules  with  large  TPA  properties. 

Secondly,  bis(AuIII)  complex  10,  containing  a  hexaphyrin  fused  to  two  anthracenes,  was 
prepared  and  characterized.  Owing  to  the  flat  and  elongated  rectangular  conjugated  network, 
10  displays  a  remarkably  red-shifted  and  sharp  Q-band-like  band  at  1467  nm,  higher 
reversible  oxidation  potentials,  multicharge  storage  ability,  and  a  large  TPA  cross-section 
value.  Hence,  this  work  demonstrates  the  utility  of  [26] hexaphyrin  as  an  electronically 
more-flexible  unit  to  create  extensively  ^-conjugated  networks. 

Thirdly,  Mobius  antiaromatic  [34]heptaphyrin  8  was  isolated  as  a  stable  product  in  the 
phosphorus  insertion  reaction  of  [32]heptaphyrin  7.  Mobius  antiaromatic  character  of  8  has 
been  indicated  by  its  X-ray  structure,  weak  paratropic  ring  current,  ultrafast  excited  state 
dynamics  and  ill-defined  absorption  features.  The  complex  8  is  highly  strained  and  is 
quantitatively  converted  to  more  stable  double-twisted  Huckel  aromatic  [34]heptaphyrin  9 
with  the  migration  of  the  P=0  moiety  from  NNN  to  NNC  upon  heating  in  acetonitrile. 
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